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SUMMARY 
This Final Report covers the period from 25 May 1970 to 
25 April 1971; the work was performed under Contract NASw-2093 with 
Mr. Bernard G. Achhammer as Program Manager, 
The purpose of the program is to investigate and identify fundamental 
failure mechanisms i n  carbon-epoxy composites as a basis for more reliable 
prediction of the performance of these materials. Following the approach 
established under a previous contract NASw-1543, single and multiple fiber 
specimens were tested under several loading conditions and the sequence 
of failure events was observed. 
together with Type A fibers to determine how each interacted with the matrix 
during the failure process. 
resin which can be modified t o  obtain a broad range of properties. 
major parameter of interest in  this study was resin toughness since this is 
directly related to crack sensitivity. 
Both HT and HM fibers were studied 
Each of these fibers was examined in DEN-438 
The 
An analytical model for initiation of fracture is presented and ser;es 
as a basis for predicting the brittle fracture behavior for a given fiber/matrix 
system, This model is based on energy release in the vicinity of a single 
fiber break and the ability of the surrounding matrix to absorb this energy 
without generating an unstable crack. 
fracture sequence as a function of load has been done under both tension and 
Complete characterization of the 
X 
compression parallel and transverse to the fibers. 
program include controlling the bond strength to optimize performance and 
determining the influence of shrinkage deformation of the fibers on 
mechanical response. 
in  single and multiple fiber specimens was established the knowledge gained 
was applied to  more heavily reinforced specimens where more complex 
interactions can be expected to occur. 
Other aspects of the 
As the basic understanding of the failure mechanisms 
xi 
1 . INTRODUCTION 
A s  the use of composite materials 
fundamental considerations of cost and 
i n  aerospace applications is extended, 
structural efficiency a r e  augmented 
by the very practical problem of improving design efficiency and reliability. 
Refining design procedures requires a more complete knowledge of the 
reinforcing function than currently exists and this in turn, demands a 
fundamental understanding of how the fracture process initiates and 
progresses to final failure. Further, the ability to  determine the integrity 
of a structural component at a given point i n  its service life is essential 
to the acceptance of a composite in the broad sense as an engineering 
material. In some instances, there is increasing concern regarding the 
ability of composite systems to withstand dynamic loads without the danger 
of sudden catastrophic failure. Precluding such unpredictable behavior 
requires modification of the reinforcing mechanism to minimize the interaction 
of local fracture events in both the fibers and the matrix. 
at controlling the fracture process were initiated under NASA Contract 
NASw-1543 for the boron-epoxy system and results were most promising 
It was discovered in that study that bond strength is the parameter most 
easily modified to  control the fracture process and optimize composite 
strength under uniaxial tension. 
a controlled fracture process, there is the added advantage of inspectability 
F i rs t  attempts 
Besides the obvious design advantages of 
and prediction of ultimate failure from a thorough understanding of 
sequence of events which presage the final failure of a part. With 
1 
the 
this as a 
basis, sophisticated interrogation techniques can be developed to 
determine when repair or  retirement of a structural element is necessary, 
The research described herein, although fundamental in nature, is the 
first vital step in  achieving these goals . 
of this study is to identify the fundamental failure mechanisms i n  carbon- 
epoxy under several loading conditions. 
were found to be critical in  the boron-epoxy system have been explored 
together with others which a r e  uniquely characteristic of the carbon-epoxy 
system. 
Specifically, the major objective 
Certain control parameters which 
The logic sequence to this approach is developed in  the following 
section. 
11. FUNDAMENTAL CONSIDERATIONS 
In the past, two modes of local failure have been observed in the 
fracture surface of composites: fiber fracture and fiber pullout, The 
first mode is essentially fiber limited while the second suggests that 
insufficient bonding was available to fracture the fiber. Unfortunately, in  
a densely packed composite the degree to which the two modes a r e  discernible 
depends on how tortuous the failure process is and the nature of the fibers 
themselves . 
This points up the desirability of observing the local failure process 
i n  very simple specimens. 
interaction between individual filaments within the tow and the overall 
Since carbon fibers a r e  used in tow form the 
response of the tow are both of major concern in establishing basic failure 
mechanisms. We are concerned here with t4e first evidence of failure in  
2 
the fibers and the role which the matrix plays in  propagation of these 
initiated cracks . 
To understand the conditions which contribute to the fracture 
process, it is first necessary to establish the s t ress  state in  the matrix 
while the composite is loaded in tension. 
consider the s t ress  variations described in  Figure 1 where the fiber is 
straight and oriented parallel to the load. 
F o r  this analysis it is useful to 
In addition to the variation of shear s t ress  along the interface, 
there is a s t ress  gradient normal to the filament axis which has been 
determined from the photoelastic investigations referenced below. 
variation is best described by plotting the tensile s t ress  trajectories in  the 
matrix as determined by Tyson and Davies (2). In Figure 2, the direction 
of the tensile s t resses  is tangent to the trajectories at a given location and 
the magnitude of the tensile s t ress  i s  proportional to the proximity of the 
trajectories. 
transfer from matrix to filament occurs near the end, while at the center of 
the filament (element A)* the matrix is virtually unstressed, since the 
stiffer filament carries most of the load. 
from the geometric discontinuity of the end), the s t ress  state is nearly pure 
shear and the tensile s t ress  trajectory makes an angle of approximately 45O 
with the filament. 
This 
The figure shows that the greater concentration of s t ress  
At element B (slightly removed 
3 
SHEAR STRESS AT INTERFACE 
rh/ 
STRE 
IN FILAMENT 
SS 
N302 - 604 
Figure 1.  Variation in Interface Shear and Filament Tensile Stress 
N302  - 619 
Figure 2. Tensile Stress Trajectories in the Matrix (Reference 2) 
4 
At element C, there is considerable tensile s t ress  in the 
- 
matrix parallel to the filament axis in  addition to shear s t ress  at the 
interface. 
is therefore small at the ends. 
The inclination of the principal s t ress  trajectory to the filament 
Shuster and Scala (3) have analyzed the 
shear stress distribution at the end of the filament where the geometric 
discontinuity exists. The interface shear s t ress  diminishes somewhat 
very near to the end point and therefore is not as critical as at element B 
which is slightly removed from the end of the filament. 
With the s t ress  state in  the matrix qualitatively described, the 
possible modes of failure can now be defined. 
stressed along most of its length to within about 5 diameters of the ends. 
It is in  this central region that the first fracture occurs, the specific 
The filament is highly 
location being dependent on the variation in  strength along the filament. 
fiber fracture, the matrix adjacent to  the filament at the fracture i s  suddenly 
At 
stressed 
carried by the filament. 
(having been virtually unstressed) to carry the tension previously 
At the exact location of the filament break, this 
s t ress  state is primarily tension in  the direction of the filament axis and 
as the tensile strength of the matrix is exceeded, a disk-shaped crack is 
formed at that point normal to the filament axis. Presuming sufficient 
bonding between matrix and filament, the extent to  which the disk-shaped 
crack propagates depends on the ability of the matrix to absorb energy at the 
increasing circumference of the cracked region. 
filament fracture can result i n  failure of the entire specimen, but it is 
In some resins, this initial 
5 
possible to formulate a resin which can absorb the energy sufficiently to 
a r r e s t  the crack caused by the filament fracture. 
is an important parameter and worthy of consideration in this study. 
Thus matrix toughness 
When a brittle filament fractures, the elastic strain energy, 
which is in  excess of that required to create the fracture surface (in the 
filament), is instantaneously released and must be absorbed or transmitted 
by the matrix i n  the vicinity of the filament failure, 
the magnitude of this energy pulse will be approximately proportional t o  
the filament tensile strength; and it will vary from point-to-point in  a 
manner consistent with the strength-statistics of the filament, 
has proposed a theory of composite failure based primarily on this statistical 
distribution of fiber strength. 
For a given filament, 
Zweben (4) 
The matrix response is the other element in the designation; that 
is, it must respond instantaneously to a rapidly propagating internal crack 
having the dimensions of the filament cross section and characterized by a 
high s t ress  and strain rate at the crack tip. 
plastic or visco-elastic deformation at this local strain rate, the energy 
pulse may be partially absorbed by damping during its transmission 
elastic wave) to the specimen mass. 
may be partially absorbed by the creation of new surface a rea  as the filament 
crack propagates into the matrix or  along the interface. 
s,ensitivity" of the matrix will determine the magnitude of the energy pulse 
In the (assumed) absence of 
(as an 
On the other hand, the energy pulse 
The "crack 
6 
required to  propagate such a crack, as will the local bond strength,, 
formulation and cure cycle of the matrix used in  this work had a "critical" 
crack sensitivity in  that it maintained o r  lost its local integrity in  a manner 
consistent with expected local variations in  filament tensile strength,, 
The 
To summarize the failure sources resulting from filament 
fracture, one can construct the model shown in Figure 3 .  As  the filament 
is loaded through shear at the interface, it may do one of three things: 
(1) Having sufficient bond strength and matrix tensile 
strength, the filament fractures at point A. This 
may result in  a disk-shaped crack D, two inclined 
conical cracks, C, both, o r  neither depending on 
the magnitude of the energy released by the fiber 
fracture 
If the bond strength is not sufficient to load the 
filament to fracture, it may simply debond in the 
(2) 
high shear s t ress  region of the interface B. 
shear s t ress  pattern then shifts along the interface 
toward the center of the filament and the process 
continues until no force is transferred t o  the 
filament other than friction at the unbonded 
interface e 
The 
7 
(3) 
D 
A 
k-4 
UNBONOED 
t-l 
UNBONDED 
- /c 
Figure 3 .  Summary of Failure Modes in a Single Filament Specimen 
8 
(3) If the bond strength is sufficient to  transfer load 
to the filament and i f  the matrix is weak in tension, 
a tensile crack C may propagate i n  the high shear 
transfer region before the filament fractures. This 
crack can then propagate becoming more normal 
to the filament as it leaves the region of high shear 
s t ress  in  the matrix. Although this mode of failure 
is rarely present in  epoxies, it can occur in  other 
matrices such as polyesters . 
These mechanisms were first identified i n  boron-epoxy and a r e  
illustrated in the photos shown in Figure 4 for boron filaments in epoxy. 
They will serve as a reference for comparison in the subsequent discussion 
of carbon-epoxy failure mechanisms. Having described the general 
classification of fundamental failure mechanisms under tensile load, the 
following sections will  introduce the specific characteristics of the carbon- 
epoxy system used in  this study. These will  be subdivided into fiber and 
matrix characteristics. 
A .  NATURE O F  THE FIBERS 
1 Mechanical ProDerties 
Of the various types of commercially available high-strength, 
carbon-fibers, the Grafil(R) HT-fibers were chosen as the first to  be 
evaluated i n  this program. Other types selected for this study a r e  the 
Type A (low-modulus) and the HM or  Type 11 (high-modulus) fibers. 
9 
I 
H I G H  ENERGY RADIAL 
CRACK NORMAL TO FIBER 
INTERFACE UNBONDING DUE TO H I G H  
SHEAR STRESS AT NEWLY FORMED 
ENDS 
/ 
LOW ENERGY RESOLVED SHEAR 
STRESS INDUCED TENSILE 
CRACKS IN THE MATRIX  
Figure 4. Photographs of Failure Mechanisms in Boron-Epoxy. 
10 
9 
The reasons for selecting the intermediate modulus fibers 
are: first, they have gained wide acceptance in many structural applications 
because of their high specific strength and modulus; and, second, their 
surface characteristics appear to render them more amenable to complete 
r e  sin wetting . 
The fibers used in this program did not have a specific 
surface treatment. However, they did have a protective coating for 
handling purposes. The fibers were produced prior to the recent 
development and widespread use of the various oxidative etching methods 
The fact that a treatment was not applied to the fibers i s  considered an 
advantage in the present work, since the study will involve modification 
of the interfacial bond strength in order to better understand the fracture 
process. 
this purpose. Furthermore, the effects of oxidative surface treatments 
on composite properties are still not well understood. 
purportedly a deterioration, after a period of time, of the resin-fiber 
bond in stressed conditions both static and dynamic. 
the mechanical response of treated and untreated fibers is therefore a- 
significant aspect of this effort. 
The untreated fibers provide an excellent reference base for 
There is 
The ability to  compare 
The properties of the fibers to be used in this program a r e  
shown in Table 1. 
‘tR) Hercules, Inca Trademark 
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2. Geometry Considerations 
a) Size and Shape 
The HT carbon fibers a r e  PAN-based fibers having a 
circular cross section measuring 8.9 microns in  diameter. The material 
is available in  tow form having about 10,000 filaments per unit. 
very slender filaments present some difficulties in the fabrication process 
These 
because of the likelihood of fiber crossover. 
date there is evidence that single fibers crossing over and being immediately 
In some of the work done t o  
adjacent and normal t o  a group of other fibers can cause premature damage 
depending upon the load condition. 
pre-impregnation and processing operations. 
This must be considered during the 
During these operations the 
fibers a r e  free to  move about during resin flow and resin viscosity changes. 
b) Tows and Mono.Eilaments 
Most of the available advanced fibers a r e  i n  multi- 
filament tow o r  yarn form ranging from 48 inches to  3,000 feet long 
without splices Tows present difficulty i n  achieving uniform spacing 
between filaments because of the length and diameter of the filaments. 
Monofilaments, on the other hand, lend themselves to more uniform - 
spacing between fibers, present little or  no difficulty i n  cross-over and 
provide greater opportunity for more efficient translation of compressive 
properties into high composite strengths. To date nothing has been done 
i n  this 
fibers 
program to evaluate large diameter ( . 004LE) carbon-graphite 
simply because of their scarcity. 
1 3  
The tows of HT fibers that have been used during the course 
of this work were reduced to  small numbers (5 to 20 fibers) i n  one set of 
specimens, and to a larger number (100 to 200 fibers) in another set  of 
Specimens, Fiber spacing within a single group could not be controlled 
because of the light weight and size of the few fibers. The problem was 
compounded with the larger  number of fibers and microscopic observation 
showed fiber cross-over and fiber grouping in certain locations. 
c) Alignment (Orientation) 
It is very difficult, i f  not impossible, to control the final 
orientation of small groups of fibers in a matrix. Resin viscosity, resin 
heating (molecular jostling) and shrinkage a r e  some of the uncontrollable 
factors during the preparation of single o r  multiple filament composites , 
These factors can cause fiber bending and crimping. However, since 
these factors a r e  present in most fabricated parts the degree to which they 
influence the failure process is an essential element in  this program, 
Fiber orientation was optimized by improvements i n  fiber handling and a 
stepwis e approach in  specimen preparation where straight fibers were to 
be studied, 
3.  Surface Characteristics 
Since the time of their discovery the structure of high-strength 
carbon fibers has received much attention. Some of the areas  studied by 
others were surface morphology, porosity, and wetting characteristics , 
14 
The physical structure of carbon fiber surfaces is of considerable 
importance in  determining the interfacial a rea  available for bonding 
between fiber and matrix in  a composite. 
in  carbon fibers can be obtained from x-ray scattering data (5, 6) and 
electron microscopy (5). 
electron microscopy. The surfaces and structures of PAN-based and 
a -cdlulose-based fibers, produced by various fiber suppliers and 
covering a wide range of moduli and strength, were examined, 
of figures following is presented to show the differences in surfaces as a 
function of modulus. 
(Type A) i s  shown at 30,000 magnification in  Figure 5. 
cation the surface appears irregular in orientation with deep longitudinal 
grooves and striations, and with evidence of high surface porosity, 
Estimates of pore size and shape 
The technique used in  the present program is 
The series 
A photo-micrograph of a low-modulus structure 
At  this magnifi- 
By comparison, Courtadd's untreated HT fibers shown i n  
Figure 5, which a r e  PAN-based, have a circular cross-section with a 
less porous but matted surface. 
in small but regular patterns along the fiber surface. 
comparison, treated Morganite type E-S fibers shown i n  Figure 7, have 
a more highly pitted surface, 
evident, 
loose debris and uncovered what could have been an already rough o r  
Other surface imperfections a r e  shown 
Also, by way of 
The matted and porous condition still is 
It is possible that the surface treatment removed much of the 
imperfect surface. 
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Figure 5. COURTAULDS T Y P E  "AI'. 
(Her cule s ) 
FIBER 
AXIS 
Magnification - 30,000 X 
as produced 
16 
FIBER 
AXIS 
Figure 6. GRAFIL HT 
(He rcule s ) 
Magnification - 30, 000 X 
5 
17 
Figure 7. MORGANITE TYPE I1 
(Evendale ) 
Magnification - 30, OOOX 
FIBER 
AXIS 
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Two high-modulus fibers were used to show the difference between 
surfaces of low and high modulus fibers. 
Figure 8 and RAE-HM fibers Figure 9. Both a r e  PAN-based fibers. 
observed in both types that the surface appears less porous, and that both 
These two were Courtauld's HM 
It can be 
possess well-oriented graphitized structures with the main axis of the fibrels 
lying parallel with the fiber axis. The RAE fibers possess a finer, more 
uniform grain structure than the Courtauld's HM fiber. 
result of different temperature treatment techniques. 
This is probably the 
To summarize, electron micrographs of all  fiber surfaces indicate 
that the Type A fibers which a r e  formed at  low temperatures show considerable 
surface imperfection for the most part and HM fibers, which a re  formed at  
high temperature appear to  have the most uniform surface features. 
differences may account t o  some extent f o r  the differences in mechanical 
properties of the fibers. 
and fo r  this reason HT, HM and Type A fibers have been selected f o r  micro- 
These 
Certainly, they wil l  influence the interface behavior 
scopic comparison in this study. Differences in mechanical properties of com- 
posites fabricated from these fibers in epoxy indicate that they may fail by 
different failure mechanisms and a goal of this study was to  investigate these 
mechanisms a s  a means to  improving performance. 
B. MATRIX CHARACTERISTICS 
The principal functions of the matrix in any composite system is t o  
When the matrix is transfer s t ress  to the fibers and isolate fiber fractures. 
capable of being modified, without degrading its load transfer function one 
19 
FIBER 
AXIS 
lOOOX 
Figure 8. COURTAULDS HM 
(Cour taulds ) 
Magnification - 30, 000 X ' 
3 
2Q 
Figure 9. RAE - FIBERS 
Magnification = 30, OOOX 
FIBER 
AXIS 
1 
i 
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can develop the toughness and flexibility to prevent rapid and catastrophic 
c rack p r opa ga ti on. 
1. Mechanical Properties 
Considering toughness and flexibility to be important control 
parameters, two epoxy formulations were selected for study. The first is 
unmodified DEN-438, an epoxy-novolac resin produced by Dow Chemical 
Company. 
strength and modulus. 
It is one of the first and widely used epoxy-type resins having good 
The second formulation has been modified to  provide 
improved toughness and elongation. 
The DEN-438 system is cured with NMA (Nadic-Methylanhydride) 
and BDMA (Benzyl Dimethylamine) is used a s  the accelerator. PPG-425 
(Polypropylene glycol) is used as the flexibilizer to  impart the additional 
toughness and elongation. The disadvantage with the latter system is the need 
for an anhydride curing agent which significantly reduces the elevated tempera- 
ture mechanical properties. However, f o r  structural applications at ambient 
temperatures, the system is excellent. 
The properties of the epoxy- novolac formulation-unmodified and 
modified a r e  shown in Table 2. 
was increased by a factor of three, while the elongation was increased by an 
order of magnitude. 
tion, and this would have a more significant effect on transverse properties. 
Note that the toughness of the modified resin 
Tensile strength and modulus suffer greatly by modifica- 
The unmodified DEN-438 matrix system, bking an inherently 
brittle system, can be extremely crack sensitive in uniaxial tension in single 
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and multi-filament composites depending on the fiber strength, bond strength 
and load rate. 
cracking or  debonding until the ultimate load is reached. A t  this point a 
In some cases incremental uniaxial tensile loading shows no 
single crack may appear, and wil l  often cause catastrophic failure. On the 
other hand, the modified formulation allows small cracks to accumulate a t  
lower load levels. The ductility of the resin in the modified sense is therefore 
beneficial to  absorbing energy released when each fiber breaks, and containing 
the crack with each occurrence until g r o s s  damage occurs. Arridget8) has 
shown that toughness is an important parameter in fiber reinforced composites 
but suggests that in a real  composite the flexible or toughened matrix acts 
like a rigid system because of fiber constraint. 
Another consideration is the difference in modulus between the 
matrix system and fibers. 
so  great (1OO:l) that modulus is not an important matrix parameter in uniaxial 
tension compared to toughness and total elongation. In transverse tension the 
situation is not the same however. 
strength and modulus a re  often required. 
ibility is immediately evident under different loading conditions, and suggests 
that a great deal still has to be done to optimize a combination of matrix 
properties to provide a universal capability. 
The ratio of fiber modulus to  that of the matrix is 
Under this load condition high matrix 
The problem of mechanical compat- 
2. Shrinkage Characteristics 
It is well known that epoxies shrink during ‘the cure and post-cure 
periods and during the cooldown period, caused by molecules rearranging into 
24 
a compact structure. This was of major concern in the preparation of single 
and multiple filament-epoxy composites because high, non-uniform shrinkage 
would place the single strands and individual fibers in a stressed condition 
which, if great enough, could cause fiber crimping and/or debonding. The 
cure cycle described in Section 111 was established to help minimize high 
shrinkage conditions. 
whether shrinkage and ultimate fiber crimping was going to be a major 
problem. 
Also, cooldown rates were investigated to determine 
111. EXPERIMENTAL PROCEDURES 
A .  IDENTIFICATION O F  CRITICAL PARAMETERS 
Although there a r e  undoubtedly many parameters which bear in some 
way on the failure process in the carbon-epoxy system, i t  was first necessary 
to  make a judicious selection of those which appear to be most significant based 
on prior experience. A s  was mentioned previously, this decision was dictated 
by the specific characteristics of the material system and the intended scope 
of the program. Table 3 represents the results of this selection process 
summarized in tabular form. 
A l l  preliminary tests were conducted at  the same strain rate- 
(. 02 in/in/min) with the intention. of examining strain rate effects in more 
detail after the effects of these basic parameters were established. 
emphasis during the first six months of the program had been placed on iden- 
tifying failure mechanisms in single and multiple fiber specimens for  HT fibeGs. 
Major 
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TABLE 3, PARAMETERS IM'VESTIGATED 
INTERFACE LOADING FIBER MATRIX 
CONDITION GEOMETRY MODIFICATION CONTROL 
Tension 
a) Parallel to 
Fibers 
b) Transverse 
to fibers 
Single fiber Unmodified o r  As received 
behavior rigid condition condition 
Tow behavior Modified o r  Coated to  
Straight fibers strength 
Crimped fibers 
flexible condition optimize bond 
Compression 
a) Parallel  to  
fibers 
b) Transverse to 
fibers 
Once these data were gathered and analyzed, the failure process for HM and 
Type A fibers were studied together with some attempts to controlling the bond 
strength by using coatings on the fibers. In every instance the approach was 
one of comparing behavior f o r  a single parameter with observations made a t  
several points during the loading process. 
knowledge nat only of the nature of the local failure events but also of tHe order 
of occurrence and degree of interaction between failure mechanisms. 
the failure process in more heavily reinforced specimens was analyzed t o  
determine whether the selected parameters had increased o r  diminished 
In this way it was possible to  gain 
Finally, 
influence on g r o s s  composite performance. 
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B. SPECIMEN PREPARATION AND TESTING 
The unmodified and modified epoxy-novolac matrix formulations a r e  
contained in Table 2. 
variables which had to be controlled in order to  achieve uniform matrix 
The cure cycle and mold release agent were the main 
properties from specimen to specimen. The single and multiple fiber com- 
posite specimens were prepared using the following process. 
(1) A shallow 6" diameter steel dish mold was coated with a 
uniformly thin film of RAM 225 mold release agent. The 
solvent was evaporated out of the RAM at  room tempera- 
ture. The film was then baked onto the mold f o r  1 hour 
a t  250 F t o  provide a stable film which would not diffuse 
into the matrix during cure. 
0 
(2) A thin layer 61/16l ')  of epoxy resin was poured into the 
mold and partially cured (effectively 'IBI' staged) a s  
follow s : 
0 1 hour a t  180 F fo r  the unmodified system; 2 hours a t  
180°F f o r  the modified system. 
This rendered the resin sufficiently tacky t o  prevent 
fiber movement during final cure. 
(3) After the first  cure, the filaments were laid down parallel 
with one another a t  the desired spacing. Additional 
epoxy (N1/161') was poured over the filaments. 
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The composite, regardless of matrix state, was then cured 
f o r  2 hours a t  180 F, followed with a stepwise increase in 
temperature t o  350 F a t  which point post-cure was carried 
out fo r  2 hours. 
0 
0 
Rapid and slow cooldown were carried out s o  the effects of 
another variable, cooldown rate, on composite behavior 
could be evaluated. 
composite was removed from the oven immediately after 
the cure and post-cure cycles and transferred t o  a freezer. 
Cooldown took about 30 minutes. Slow cooldown took place 
in the curing oven over a 16 hour period. According to the 
following tensile data, cooldown rate had no effect on strength. 
In the case of rapid cooldown, the 
Unm odified Modified 
Rapid cooldown (. 5 hours) 8,100 psi 3,900 psi 
Slow cooldown (16 hours) 7 ,800 psi 4,100 psi 
The composites were removed from the mold. 
compressive specimens were sawed, ground into the desired 
shape and polished. Typical uniaxial tensile specimens con- 
Tensile and 
taining carbon fibers in an epoxy matrix a re  shown in 
Figure 10. 
transverse direction is shown in Figure 11. 
A tensile specimen with fibers oriented in the 
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Figure 10. Uniaxial Tensile Test Specimen with HT-Carbon Fibers in an 
Epoxy -Novolac R e sin 
Figure 11. Tensile Test Specimen with HT-Carbon Fibers Oriented in the 
Transverse Direction in an Epoxy-Novolac Re'sin 
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To obtain a complete picture of the fracture events t o  ultimate failure 
it was necessary to interrupt the test a t  regular intervals for thorough micro- 
scopic examination. 
of the failure process may in itself introduce extraneous effects which would 
This introduces some complications since the interruption 
not occur under continuous loading. However, the lack of sufficient magnifica- 
tion and scanning control on a machine mounted microscope dictated this 
approach. A l l  tests were carried out on an Instron testing machine with com- 
plete recording of load and deformation. 
Microscopic examination was carried out on a Bausch and Lomb 
microscope f o r  the most part with magnifications between 20 and 150X. The 
details of the failure process for various test parameters a re  presented in 
Section IV. 
C. PRELIMINARY APPLICATION O F  ACOUSTIC EMISSION ANALYSIS 
Since the ability to  make optical microscopy observations on heavily 
reinforced composites is severely limited except on the surface, a parallel 
effort under separate funding has been directed toward applying acoustic 
emission analysis to detect failure events. The recording of acoustic signals 
from materials under load is not a new idea but very little has been done to  
systematically identify failure events with the acoustic signatures. Our pre- 
liminary efforts were directed specifically at isolating the fundamental failure 
events and identifying their individual acoustic signatures. With this informa- 
tion it is then possible to  monitor the acoustic emissio'ns from a heavily 
reinforced specimen and by analyzing the frequency spectrum, obtain a complete 
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history of the composite failure process. Thus fa r  it appears that fiber fracture, 
matrix crack growth and debonding can be identified on the basis of frequency 
f o r  a small tensile specimen. Examples of the acoustic signatures for these 
events a re  illustrated in Figure 12. A Federal Spectrum Analyzer is used to 
separate the failure events by frequency and a typical energy-frequency plot is 
given in Figure 13. There is still much that must be done to  refine the experi- 
mental and analytical techniques before this approach can be used with confidence. 
However, it holds great potential and appears to provide an ideal solution to  the 
problem of reconstructing the entire failure process in a heavily reinforced 
composite specimen. This technique is described here only because of i ts  
relevance to  the goals of the current program. Much of the developmental effort 
in this area has been undertaken under IR&D funding in the Space Sciences 
Laboratory of the General Electric Company. 
IV. EFFECT O F  RESIN MODIFICATION ON FAILURE MECHANISMS 
A .  TENSILE LOAD PARALLEL TO FIBERS 
1. Single and Multiple Fiber Behavior 
In an effort to establish matrix influence on the basic fracture 
mechanisms under tensile load parallel t o  the fibers, specimens were prepared 
with a small number of individual carbon filaments in both modified (15-25 
percent strain t o  failure) and unmodified resin (2.5 percent strain to  failure). 
A comparison of the failure event sequence is given in F-igures 14 and 15. 
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0.5 msec /cm 
Fiber  and mat r ix  fracture.  Magnification - 60X. 
1 m s e c / c m  
Fiber  debonding. Magnification - 60X. 
F igure  12. Tentative Identification of Acoustic Signals for  Carbon Fiber  
F r a c t u r e  and Debonding in Epoxy Novolac Matrix. 
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0 . 6  KHz 3.2 KHz 
Horizontal Axis: 5 m s e c / c m  Horizontal Axis: 1. 0 m s e c / c m  
Signature of Acoustic Event 
0 . 6  KHz 3.2 KHz Higher Harmonics  
1 2 3 4 2 4 6 8 10 12 14 16 18 2 0  KHz 
Spectrum of Acoustic Event. Note-Two Different Time Scales 
F igure  13. F r a c t u r e  of a Single F i lament  in a 70 v/o Glass-Epoxy 
Specimen in a Tension Test. 
3 3  
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Figure 14 shows the behavior of fibers in the unmodified (stiffer) 
resin formulation. 
first fiber fracture resulted in  failure of the specimen. 
No accumulation of fiber fractures was observed and the 
The fracture surface 
shows a single high energy crack which propagated instantaneously through all  
other fibers and the entire cross-section of the specimen. 
Figure 15 shows the sequence of events a t  various load levels in 
the modified (less stiff) matrix. 
evident a t  50 percent of ultimate load. 
the disk shaped cracks which were observed in boron-epoxy but a r e  somewhat 
irregular in shape and seem to generate a slight helical pattern in the matrix. 
The cracks accumulated at regular intervals along the single fibers and 
coalesced into major fracture sites when fiberes were in close proximity (as 
shown in photo c). 
fracture sites a s  shown in photo d. 
First evidence of local fiber fractures was 
These fractures a re  quite similar to  
Final failure of the specimen occurred at  one of these major 
2. Tow Behavior 
Because the behavior of individual fibers is very much influenced 
by their proximity to other fibers, the behavior of a tow might be expected to 
differ somewhat from individual isolated fibers. This is evident in Figure 16 
for a tow in the modified (flexible) resin formulation where fiber fractures were 
concentrated in a few localized areas  with all  subsequent crack growth confined 
to  that area.  
tow but no evidence of cumulative damage along the tow was evidenced. 
Some crazing and multiple cracks occurred a t  the surface of the 
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a) Single Fiber Fracture Site a t  Ultimate Load 
b) Fracture Surface Showing Fibers Which Initiated Fracture 
Figure 14. Tensile Behavior of HT Fibers in Unmodified Resin 
Y 
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a) 50% Ultimate Load 150X b) 70% Ultimate Load 60X 
c) 70% Ultimate Load 60X 
Figure 15. 
d) Ultimate Load 60X 
Tensile Behavior of HT Fibers in Modified Resin 
a) 90% Ultimate Load 60X Con- 
centrated Fiber  F rac tu res  at 
a Single Location 
b) 90% Ultimate Load 60X Multiple 
Fiber F rac tu re  Concentration 
c) Ultimate Load 60X Surface 
Crazing Evident a t  Ultimate 
Load 
Figure 16. Tensile Behavior of HT Tow in  Modified Res in  (Flexible) 
Y 
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Figure 17 shows behavior of the tow in the unmodified (stiffer) 
resin. Here some slight evidence of debonding in  individual fibers was observed 
at 50% of the ultimate tensile load, but the f i rs t  fiber fracture resulted in failure 
of the specimen (Figure 17c). 
B. TENSILE LOAD TRANSVERSE TO FIBERS 
1. Unmodified Resin Behavior 
Since the transverse tensile properties of composites often a r e  
the critical limitation on performance, a series of transverse tensile tests were 
conducted using single taws in both unmodified and modified resin. The usual 
mechanisms of failure in monofilament composites such a s  boron o r  glass a re  
fiber splitting and debonding of the interface followed by matrix cracking. 
Because the carbon fiber tows a r e  bundles of very many small diameter fibers 
it was expected that their failure mechanisms under transverse tension would be 
more complex and especially dependent on the matrix toughness. 
Figure 18 shows the transverse tensile fai lure  of HT fibers in the 
unmodified resin. There was no evidence of debonding o r  fracture up to 
80 percent of the ultimate resin strength a s  shown in photo a .  The second 
photo b shows the profile of the final fracture with cracks emanating from the 
fiber axis and a t  slight angles t o  it. Photo c shows a plane view of the fracture 
surface with half of the tow still in place. Note that the striations in the fracture 
surface indicate the direction of crack growth from cerJain initiation points on 
the interface. Several such cracks a re  generated and coalesce to form a single 
fracture plane in the unmodified resin. A l l  three fiber types (HM, HT and 
.. 
,I 
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a) 50% Ultimate Load 60X Slight 
Local Debonding of Individual 
Filaments 
80% Ultimate Load 60X More 
Local Debonding 
c) Ultimate Load 60X Single 
Critical Fracture Site 
Figure 17. Tensile Behavior of HT Tow in Unmodified Resin 
t 
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a) 80% Ultimate Load 60 X 
c) Fracture Surface of Specimen 
60 X 
b) Profile of Fractured Specimen 60 X 
d) Profile of Split Tow 
Figure 18. HT Tow Behavior in  Unmodified Resin under 
Tension Transverse to Fibers 
I 
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Type A )  behave in much the same manner with the tows splitting down the 
center (planar) for the most part. 
tow has the greatest concentration of fibers and also represents the greatest 
dimensional discontinuity in the resin cross-section. Higher magnifications 
This can be expected since the center of the 
indicate that individual carbon fibers do not fracture but become separated both 
by resin fracture and intermittent interface failure. 
2. Modified Resin Behavior 
The transverse tensile behavior of carbon fibers in modified 
epoxy-novolac resin is somewhat different from that of the unmodified system. 
Figure 19 shows the transverse tensile failure of HT fibers in modified resin. 
Where fiber concentration is low there is debonding and fiber damage at 
approximately 80% of ultimate resin strength a s  shown in photo b. 
noted however that this photo was taken at  some distance from the main tow to 
show the damaged condition and Poisson effects a r e  obviously present. 
compared with the unmodified resin which had a total strain of <2'70, this system 
elongates about 1470 before failure. 
which is nonplanar and from which fibers were stripped by the other specimen 
half. It not only shows cracks starting from the fiber axis and at slightangles 
It should be 
A s  
Photo c shows the final fracture surface 
to it,  but it also shows quite clearly that these cracks start  a t  various fiber 
levels and grow in stepwise fashion. 
specimen. 
vious test of the unmodified system. 
sensitivity of the modified resin makes it less sensitive to  s t ress  concentrations 
Photo d shows a profile of the fractured 
Note fracture did not occur a t  the center of the tow as  in the pre- 
This indicates that the diminished crack 
c 
d 
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a) Pretest Photo 60 X b) 80% Ultimate Tensi le  Strength 
Fiber Damage Short  Distance 
F r o m  Main Tow - 60 X 
b) F ina l  F r a c t u r e  Surface 60 X d) P ro f i l e  of F r a c t u r e d  Specimen 
60 X 
FIGURE 19. HT TOW BEHAVIOR IN MODIFIED RESIN UNDER 
TENSION TRANSVERSE T O  FIBERS 
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around the fibers. Fo r  this reason the failure process is much slower and 
more tortuous than in the unmodified system with debonding and fiber damage 
alternately occurring a s  the first local fracture propagates through the tow and 
specimen cross-section. 
that of the unmodified resin specimen. 
Total energy to failure was on the order of four times 
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C. Compressive Load Parallel  to Fibers 
One of the critical deficiencies of the carbon epoxy system is its 
rather low cornpressive strength. 
high slenderness ratio of the individual filaments. 
tify the onset of failure a t  the local level was  conducted on tows and some 
This condition is often attributed to the 
A series of tests to iden- 
isolated single filaments to establish how the compressive load transfer 
mechanism from matrix to fiber deteriorated during the failure process. 
1. Compressive Behavior of Initially Straight Single Fibers and Tows 
Figure 20 shows the sequence of failure events in a tow en- 
capsulated in the unmodified resin formulation. 
occurred at  less than 40 percent of ultimate load. 
First evidence of debonding 
Progressive debonding over 
shorter intervals continued with s m e  fiber buckling and matrix crazing evi- 
dent on the surface of the tow. Note individual fiber debonding over shorter 
intervals in photos (c) and (d). This is limited by the critical transfer length of 
the fiber which depends on bond strength and fiber diameter. 
A s  opposed to the unmodified (s t i f f )  resin matrix compressive 
behavior, the more flexible resin showed no evidence of debond or fracture 
up to 60 percent of ultimate load and then only in a single location. Fig’ure 21 
shows the sequence of local debonding on the tow surface. A t  90 percent of 
ultimate load considerable debonding, fiber fracture and surface crazing was 
evident a t  regular intervals of about 6 diameters along the tow. 
fiber fracture and overlap a r e  shown in photo (e). 
Individual 
Although a good deal of 
debonding is evident in the modified matrix, it did not progress as  uniformly 
9 
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40% Ultimate Load 60X b) 5070 Ultimate Load 28X 
80% Ultimate Load 18X d) 9070 Ultimate Load 18X 
Figure 20. Compressive Behavior of HT Fibers in Unmodified Matrix - 
Load Parallel to Fibers 
> 
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60% Ultilate Load 60X b) 70% Ultimate Load 60X 
90% Ultimate Load 6 0 X  d) Ultimate Load 13X 
Figure 21. Compressive Behavior of HT Fiber Tow in Modified Resin - 
Load Parallel to Fibers 
d 
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over the fiber length a s  in the unmodified matrix. 
2. 
Figure 22 shows the sequence of fracture events for a tow 
which was initially crimped by shrinkage of the modifed resin. 
of ultimate load some debonding was evident together with localized campression 
failure of all fibers on a 45' plane to the axis of loading. This region corre- 
sponded to the plane of maximum fiber inclination to the direction of load and 
appeared to be a shear induced failure (photo a). 
a t  7 0  percent of ultimate load in the corresponding location nearest the initial 
A t  50 percent 
A similar fracture occurred 
fracture site (photo b). 
filament fracture evident. 
Excessive debonding and crazing followed with individual 
In photo (d) of Figure 22 individual fibers have fractured 
in compression and overlapped a t  several locations. This sequence points up 
quite vividly the effects of disoriented fibers under compressive load parallel to 
the tow. Under tensile load the fibers tend to straighten during failure while in 
compression, as one might expect, any crimping results in significant localized 
fracture of the tow and extensive debonding. Individual fibers also fail at the 
nodal points for the most part, slipping past one another in the matrix after 
failure. 
D. Compressive Load Transverse to Fibers 
1. Behavior of Single Fibers and Tows in Modified Resin 
Figure 23 summarizes the failure process under compression 
transverse to the fibers. Photo (a) shows a region of high s t ress  under 
polarized light surrounding the closely spaced fibers a t  50 percent of ultimate 
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a) 50% Ultimate Load 60X b) 7070 Ultimate Load 60X 
c) Ultimate Load 60X d) Ultimate Load 60X 
Figure 22. Compressive Behavior of Crimped Single HT Fibers and Tows 
in Modified Resin - Load Parallel to  Fibers. 
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a) 50% Ultimate Load 60X b) 70% Ultimate Load 300X 
c) 90% Ultimate Load 60X d) '95% Ultimate Load 60X 
Figure 23. Compressive Behavior of Straight Single HT Fibers in Modified 
Resin - Load Transverse to Fibers 
I 
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load. No fiber fracture was evident a t  this load level but some local fiber 
damage was  observed a t  70 percent of ultimate load due to Poisson effects. 
A s  the transverse compressive load was increased to 90 percent of ultimate 
load, the accumulation of tensile cracks a t  regular intervals became more ap- 
parent (photo c). 
from extending laterally as  it is compressed transverse to the fibers. 
These cracks a r e  caused by the fibers constraining the matrix 
The 
final photo shows concentrations of fiber fractures a t  regular intervals of about 
100 fiber diameters over the entire fiber length. 
The tow behavior under transverse compression is  shown in 
A s  opposed to the single fiber behavior described in Figure 23, Figure 24. 
the tow showed no evidence of damage up to  90 percent of ultimate load. 
Between this load and ultimate load, major tensile fractures occurred in 
localized areas but did not extend very far into the matrix. 
relaxation of fiber constraint in the vicinity of the tow fracture which then 
neutralizes the crack growth energy and retards growth. 
This is due to the 
2. Behavior of HT Carbon Fiber Tow in Unmodified Resin 
In contrast to the behavior of the tow in the modified resin under 
transverse compression, the unmodified resin shows much larger tensile 
cracks as  a result of Poisson effects. 
severity of the cracks is increased in the stiffer resin where the tows have 
failed in preventing lateral extension of the resin. 
load some apparent necking occurs in the areas adjacent to the fiber fracture. 
Photo (d) shows fracture and debonding of single fibers adjacent to the tow with 
In Figure 25 both the number and 
A t  80 percent of ultimate 
50 
a) 60% Ultimate Load 60X b) 90% Ultimate Load 60X 
Figure 24. 
4 Ultimate Load 60X 
Compressive Behavior of Straight Single HT Fibers and Tows in  
Modified Resin - Load Transverse to Fibers 
0 
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70% Ultimate Load 18X b) 7070 Ultimate Load 60X 
8070 Ultimate Load 60X d) 90% Ultimate Load 60X 
Figure 25. Compressive Behavior of Initially Straight HT - Tow in Unmod; 
fied Resin - Load Transverse to Fibers 
P 
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considerable separation at  the fracture sites. 
Although the initiation of tensile cracks is observed in transverse 
compression in these lightly reinforced composites, there is some question a s  
to whether this failure mechanism is to be expected in heavily reinforced com- 
posites. 
proximity can be expected to inhibit such behavior because of the more uniform 
constraint provided by the fibers. Nonetheless, there is a tendency to load 
the fibers in tension and generate a complex state of s t ress  at the interface. 
Obviously, the presence of a greater number of fibers in close 
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V. EFFECTS OF FIBER PROPERTIES ON FAILURE MECHANISMS 
Since the fibers a re  the main contributors to  strength and stiffness of the 
composite, the properties of the fibers have been the focal point in the devel- 
opment of most new composite material systems. Carbon fibers come in 
sufficient variety that there is a broad range of fiber properties as  discussed 
earlier. To obtain as  camplete an evaluation of the effects of fiber properties 
on failure mechanisms a s  possible within the time limits of this program, three 
types of fibers were selected for study: HT, HM and Type A. Properties of 
these fibers were given previously in Table I. Note that the modulus variation 
from one type of fiber to the other is significant. 
these fibers is not very broad, but the HT fibers a re  stronger than both HM and 
The strength variation between 
Type A fibers. 
$ stored in each fiber at failure is  the strength squared divided by twice the 
modulus. 
It is interesting to note, however, that the strain energy density 
Since this energy is released at the fracture site, it accounts for a 
major portion of the energy available to generate a crack. A more detailed 
discussion of this energy release and subsequent crack generation wil l  be given 
in Section VI11 of this report; but at this point it should be noted that Type A 
fibers, although weaker and of considerably lower modulus, have as high an 
energy density as  the stiffer and very strong HT fibers. HM fibers, on the 
other hand, have a lower energy density because of their higher modulus. This 
is  illustrated for comparison in Table 4. 
The significance of this comparison is apparent in Figure 26 where typical 
tensile failure mechanisms in the modified resin system are  shown for each 
i 
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TABLE 4: STRAIN ENERGY DENSITY OF 
CARBON FIBERS AT FRACTURE 
Ul t ima te  Young's . Strain Energy 
in. lbs. /cu. in. 
S t r e  gth Mod lus  Density 
x 10 psi 8 3 Fiber Type x 10 psi 
HM or HM-S 250- 350 55-60 57 0- 1020 
HT or  HT-S 300-400 35-40 128 5- 2 000 
A 275-325 28-35 1360- 15 10 
a) HT Fibers 28X 
b) HM Fibers 28X 
c) Type A Fibers 28X 
F igure  26: Comparison of Tensi le  Fa i lu re  Modes F o r  HT, HM, and Type A 
Carbon Fibers in Modified Resin. 
.- 
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type of fiber. Note that both the HT and HM fibers generate matrix cracks 
normal to the fibers, but the cracks a re  of smaller diameter in the HM fiber 
specimens. This observation is consistent wi& the lower energy density stored 
in the higher modulus fibers, although the average fiber strengths of HT and HM 
fibers a r e  very nearly the same. 
they have high energy densities, do not generate cracks normal to the fibers for 
the most part, but tend to debond from the matrix when the fibers fail in tension. 
Such debonding is a very efficient failure mechanism in that it absorbs the very 
high strain energy released without destroying the integrity of the surrounding 
matrix. This phenomenon may explain the fact that Type A fibers often yield 
composite properties equivalent to those of HT and HM fibers even though the 
Note also fhat the Type A fibers, although 
Type A fibers have inherently lower basic properties. Figure 27 shows details 
of each type of fiber fracture at higher magnification. Note that HT fibers 
exhibit a very concentrated cleavage fracture site while the HM fibers show 
somewhat less concentration with some debonding evident. Individual HM fibers 
initiate local fractures on different planes in the same area. Type A fibers show 
little o r  no matrix cracking normal to the broken fibers, but extensive debonding 
i 
on either side of the fiber fracture site. 
Similar observations in the unmodified resin could not be made because the 
resin was sufficiently brittle that it failed catastrophically a t  the first fiber 
fracture for all three types of fibers. 
expected to behave differently in a high volume fraction composite, these 
Although the m o d i f i e d  resin can be 
observations indicate that there is a t  least more likelihood of damage to adjacent 
fibers and matrix when a single fiber fails inp a rigid matrix. This damage could - 
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a) HT Fibers 60X 
b) HM Fibers 60X 
c) Type A Fibers 60X 
Figure 27: Comparison of Tensile Failure Modes for HT, HM, and Type A 
Fibers in Modified Resin. 
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be attenuated to same degree by the debonding mechanism if this mechanism 
were to become active in a high volume fraction camposite. 
modified resin should be less  susceptible to this damage and therefore should 
give better composite properties in tension if the bond strength is sufficient to 
However, the 
develop fiber strength. 
examining basic failure mechanisms - bond strength. The following section 
describes interfacial effects observed when the bond strength was controlled 
by applying coatings to  the fibers. This approach has been used in previous 
studies on boron/epoxy to  induce debonding at  fiber fracture sites and thus 
obtain the kind of local behavior which the Type A fibers have provided in the 
modified resin. 
This leads us to the final parameter of concern in 
VI, EFFECTS OF THE INTERFACE ON FAILURE MECHANISMS 
It has been established in the previous section that Type A fibers show 
evidence of debonding at  the regions immediately adjacent t o  local fiber fractures. 
This same observation has been made in glass/epoxy and in some other com- 
posites and suggests that there is an optimum bond strength just capable of 
developing the fiber strength, but low enough to allow local energy absdrption 
through debonding once the fiber has failed. Except for a very limited region 
where this debonding occurs, the remainder of the fiber length can continue t o  
support load, a s  can adjacent fibers, although some load redistribution occurs. 
Such behavior usually results in very high composite static strength and good 
dynamic response as  well. Since the HT carbon fibers in epoxy studied thus far 
I 
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do not exhibit an inherently optimum bond strength, it w a s  decided that a limited 
study of s m e  means for coating the fibers and thus changing the bond strength 
should be undertaken to evaluate interface effects. 
of the effects of coatings would require considerably more effort than this pro- 
gram could permit, it was decided that only three kinds of coatings would be 
used, and that these would be selected to cover a broad range of materials. 
Metallic coatings of lead and silver, were examined because they can be easily 
sputtered or vapor deposited uniformly on the very fine carbon fibers and also 
Because a complete study 
because their ductility might serve the secondary function of helping to absorb 
fiber fracture energy. A s  an extreme example of a coating intended to reduce 
the bond strength, a lubricant (molybdenum disulfide) was examined. MoS is 2 
used in particulate form and must either be applied dry or in a slurry but in 
either case results in a nonuniform coating in contrast to the metals. 
uniformity was considered an important parameter since earlier work 
Coating 
on (1) 
boron/epoxy showed that a nonuniform coating of graphite on the boron filaments 
was  most effective in controlling interfacial failure mechanisms. The third 
coating material selected was polyurethane because it is an elastomer which 
can be easily applied to the fibers and could be expected to provide som& crack 
stopping function like the metals but with much lower modulus and strength and 
different bonding characteristics to the epoxy matrix. The following sections 
describe the experimental observations for each kind of coating. 
A. Metallic Coatings - Silver and Lead 
By vapor deposition of metals it is possible to obtain a very thin and 
uniformly deposited coating on the surface of each individual fiber, but groups 
of fibers a r e  often joined by coating them to form an encapsulated bundle. 
Figure 28 and 29 show the surface of a single Type A fiber after coating in this 
manner. 
of Figure 5. 
and, therefore, similar photos of HT and HM fibers have not been included. 
Note the uniformity of the coating compared to the uncoated condition 
This degree of uniformity was obtained for all three types of fibers; 
After coating, single and multiple fiber specimens were prepared in 
the manner described previously, and these specimens were tested in tension 
parallel to the fibers. 
parisons of the behavior of coated and uncoated fibers could be made. 
an efficient coating could be expected to yield the most dramatic results in the 
unmodified resin (which had always failed catastrophically when uncoated fibers 
were tested), the first tests were performed with that system. Figure 30 is of 
silver coated HM fibers in the unmodified resin with photo (a )  showing a small 
bundle of joined fibers adjacent to a tow which is out of focus in this pretest 
photo. 
The failure process was then photographed so that com- 
Since 
Photo (b) shows the same region at  70  percent of ultimate resin tensile 
strength and there appears to be some fiber fracture and very localized debonding 
at  the center and near the top of the photo, respectively. There i s  no evidence of 
any debonding even at 80 percent of ultimate load and final failure occurred 
without any further indication of fiber fractures or debonding. The failure was 
catastrophic and initiated by the fiber, but it occurred at  about 20 percent 
P 
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Figure 28: 
FIBER 
AXIS 
I-------------, 
I P - n  
COURTAULDS TYPE "A" 
(Hercules) 
Magnification - 30,000 X 
Silver Coated 
i 
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Figure  29: COURTAULDS T Y P E  "A" 
(Her cul e s ) 
Magnification - 30,000 X 
Lead Coated I 
6 3  
FIBER 
AXIS 
a) Pretest  photo b) 70% Ultimate Load 
c) 80% Ultimate Load d) Final Fracture 
Figure 30: Tensile Behavior of Silver Coated HM Fibers in Unmodified Resin. 
J 
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higher load than had been achieved with uncoated fibers. This seems to 
indicate that the metal coating, although it does not facilitate debonding, serves 
to isolate individual fiber fractures from the matrix until a t  higher loads enough 
energy is stored in the fibers to cause simultaneous cleavage failure of both the 
fibers and the metal coating. This high energy state is evident in photo d of 
Figure 30 where a very clean fracture surface has been generated and some 
local fiber pullout is observed. 
metal coating and fibers were literally blown apart at failure. 
limited observations it appears that the metal coating has joined the individual 
carbon fibers together making them behave more like a monofilament with pro- 
The energy release was  so sudden that the 
From these 
portionately higher strain energy storing capacity. This can result in a delay 
in the failure process but does not change the nature of the final failure. 
B. Inorganic Coating - MoSZ 
As mentioned earlier Molybdenum disulfide is used in particulate form 
and must either be applied to the fibers dry or in a slurry. The dry form was 
not practical from the standpoint of handling and uniformity; therefore, a slurry 
of isopropanol and MoS was considered the most suitable means for achieving 
a nearly uniform coating. Preliminary evaluation was conducted with E T  car- 
bon fibers since most of the earlier work without coatings was done with these 
2 
fibers, allowing a better comparison to be made. 
Initial work with MoS coated fibers was done in an unmodified resin 
2 
since the objective was  to eliminate the single crack-to-failure behavior, which 
occurred in the uncoated specimens, and improve the efficiency of the composite 
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by controlling the interface. This approach proved unsuccessful for the 
unmodified system, but it was decided to t ry  the same approach in the modified 
system to determine whether a lesser  degree of matrix cracking normal to the 
fiber could be obtained. 
coated fibers in the first three photos campared with an uncoated fiber in the 
Figure 31 demonstrates the behavior of MoS slurry 2 
last photo. 
face before loading. 
Photo (a) shows a small tow containing the MoS slurry on its s u r -  2 
A t  50 percent of ultimate resin strength (photo b), there 
is  evidence of combined debonding and local matrix cracks near the interface 
forming a stick-slip kind of failure mode. Photo (c) shows the coated fibers at 
about 70 percent of the ultimate load with some cleavage cracks normal to the 
fiber a t  the fiber fracture sites. Note that these fractures a re  more tortuous 
generating discontinuous cracks over considerable area as  compared to the 
single almost planar fracture of the resin with uncoated fiber shown in photo (d). 
The mechanism whereby MoS causes this fracture is probably by 
2 
embrittlement of the region very close to the interface due to particulate 
interaction rather than actual lubrication of the interface. This i s  suggested by 
the myriad of very small cracks initiated at  inclined angles to the fiber suggesting 
tensile failure of the matrix due to resolved shear s t resses  near the fib&r breaks. 
It should be noted that such a tortuous interface failure does not preclude the 
growth of the larger cracks normal to the fiber since the fiber still transfers 
load to the resin through this tortuous fracture pattern. Only when a smooth 
and clean slip surface a t  the interface is obtained can the fiber release itself 
from the matrix (except for friction) and thus prevent the growth of cracks 
P 
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2 a)  Pretest  Photo of MoS Coated HT Fiber 60X 
b) 50% of Ultimate 60X 
c) 70% of Ultimate 60X d) Typical Fracture - Uncoated HT 
Fiber 60X 
Figure 31: Tensile Behavior of HT Carbon Fibers Slurry Coated with MoS 
Modified Resin. 1 
in 
2 
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normal to the fiber. 
the failure process, these preliminary tests seem to indicate that a true inter- 
facial bond failure was not obtained with the slurry coating technique. Whether 
Therefore, although the use of MoS did indeed change 2 
a means for keeping the particulate coating very thin and not dispersed into the 
surrounding resin would yield a more perfect interface slip failure remains to 
be seen. 
Rather than undertake an extensive processing effort to control particulate 
diffusion into the matrix,it was decided to examine the organic coatings which 
can easily be applied uniformly and in controlled thicknesses. 
C. Organic Coating - Polyurethane 
A flexible polyurethane coating was selected as the single organic coating 
to be evaluated for several reasons. First, it is transparent and allows good 
microscopic examination of fibers and coating. 
good moisture resistance. 
good fiber wetting. Consideration was given to the fact that a flexible coating 
Secondly, it is flexible and has 
Thirdly, it i s  a low viscosity resin which promotes 
such as this should lend sufficient toughness at the interface in the brittle resin 
to allow debonding and ar res t  cracking ahead of the tips. 
uations, consideration was not given to coating thickness. 
this parameter i s  important with each type of fiber used because of energy 
density variations. 
For  preliminary eval- 
It is believed that 
This will be investigated further in the next years'  effort. 
Preliminary evaluations were made with all three types of fibers (Type A,  
HT & HM) in the unmodified and only HT and HM in the modified resin. Figure 32 
shows the effects of polyurethane coating on all three fibers in the unmodified 
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a) Type A Fibers Polyurethane 
Coated 60X 
b) HT Fibers Polyurethane Coated 60X 
c) HM Fibers Polyurethane 
Coated 60X 
d) Typical Fracture Initiated at the 
Surface 60X 
Figure 32: Tensile Behavior of Polyurethane Coated Fibers in Unmodified Resin. - 
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resin. It should be noted at the outset that without a coating, none of these 
fibers were able to sustain more than one fiber fracture in this unmodified 
resin. 
polyurethane coating is present on the fibers. 
appear somewhat different on each type of fiber, it is clear that the polyurethane 
coating prevented catastrophic fiber induced fracture early in the load cycle. 
Specimen fracture was not initiated by the fibers in these tests but typically 
by edge defects in the specimen as shown in the last photo of Figure 32. 
how the fracture surface striations emanate from the surface and propagate 
cross the specimen. 
failure of the specimen although the debonding patterns indicate fracture at regu- 
lar intervals followed by debonding near the fracture sites. 
By contrast, Figure 32 shows all three fiber types debonding when a 
Although the debonded regions 
Note 
No clear evidence of fiber fractures was seen until final 
Figure 33 shows the behavior of the polyurethane coated HM and HT fibers 
in the modified resin. 
debonding first occurring at regular intervals (Photos a & b ) and then the first 
clear evidence of fiber fractures within the debonded regions (Photos c and d ). 
Photo c is particularly interesting because it shows by through transmission 
of light a definite hole in the tow where fibers have fractured and separ?ted 
without resulting in any matrix cracks normal to the fiber. This occurred in 
one of the debonded regions of Photo a but because no top lighting was used in 
Here the failure mechanisms are quite similar with 
Rhoto C ,  the fiber surface appears dark, 
at least two discrete fracture sites with no apparent matrix damage. 
the fracture sites are spaced at about 20 fiber tow diameters in that photo, 
Close examination of Photo d indicates 
Note that 
a) HT Fibers 60% of Ultimate 
Load Polyurethane Coated 60X 
b) HM Fibers 40% Ultimate Load 
Polyurethane Coated 60X 
c )  HT Fibers 90% of Ultimate 
Load 150X 
d) HM Fibers at 60% Ultimate Load 
60X 
Figure 33: Tensile Behavior of Polyurethane Coated HT and HM Fibers in 
Modified Resin. I 
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suggesting that the transfer length has not been increased greatly by applying 
the coating. 
D. Conclusions As To Effect Of Coating From Single Fiber Tests 
It has been clearly demonstrated that the failure mechanisms can be 
modified by coating the fibers with either continuous or particulate materials. 
The means by which the coating influences the performance of the fibers in a 
given matrix formulation can be summarized as follows: 
1. Metal coatings of silver and lead can be uniformly applied to carbon 
fibers by sputtering o r  vapor deposition but will bond the fibers 
2. 
together when they a re  in  intimate contact during deposition. 
thus joined and sheathed in metal bond well to the epoxy matrix and 
do not show much damage until ultimate failure occurs. 
is evident in the unmodified resin prior to final failure which is cata- 
strophic. The metal coatings, although successful in preventing weaker 
fibers from generating a critical matrix crack at low loads, finally 
fails with the fibers at a higher load to generate a high energy cata- 
strophic failure. 
poning failure for a while but do not allow gradual interfacial failure 
by debonding which is a far more stable failure mechanism. 
Fibers 
No debonding 
The metal coatings a r e  therefore effective in post- 
The MoS particulate coating does not appear to prevent the matrix 2 
from penetrating to the fiber surface but rather acts a s  a filler in the 
matrix near the interface. This coating did not prevent the single- 
fiber-break failure in the unmodified resin but did result in a more 
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3. 
tortuous failure mechanism in the modified resin. 
in tension and then began to  separate from the matrix by a stick-slip 
process along the interface. 
a great deal of energy, cleavage cracks normal to the fiber continue 
to grow because load is still transferred over the irregular interface 
HT fibers failed 
Although this interfacial failure absorbs 
fracture surface. In this sense, it is not a true interfacial failure 
because it does not prevent cleavage cracks from growing. Rather 
than a clean separation at the interface by debonding the particulate 
coating appears to have embrittled the resin near the interface which 
causes very localized resin tensile failures at 45O to the fiber axes 
resulting from the high shear stresses at the newly formed ends. 
The polyurethane coating is most effective in preventing catastrophic 
failure in single fiber specimens of unmodified resin. 
the coating prevented the fiber from initiating the fracture which had 
never been possible for uncoated fibers. 
also allowed debonding and fiber fractures to occur before final failure. 
In every instance 
The polyurethane coating 
In every case the debonding progressed throughout the load history 
with the fibers breaking into uniform lengths until final fractuTe 
occurred. Although such a coating may reduce transverse tensile 
and interlaminar shear strengths, it shows great potential for pre- 
venting premature failure in tension parallel to the fibers. 
study i s  needed to determine how thick and how resilient a coating is 
Additional 
needed to optimize performance. 
7 3  
Although the observations made in this section indicate that the use of 
coatings can be effective in changing and controlling basic failure mechanisms 
in  carbon/epoxy, the following section will not include high volume fraction 
tes ts  of coated fibers. 
were tested and compared for modified and unmodified resin systems. This 
decision was dictated by the fact that the uncoated HT and type A fibers have 
distinctly different basic failure mechanisms in the modified system. 
any optimization studies could be initiated, it was essential to see how these 
differences in basic failure mechanisms translated into real  composite 
properties. 
Only composites of uncoated HT and type A fibers 
Before 
Y 
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VII. HIGH VOLUME FRACTION SPECIMEN TESTS 
A study of fundamental failure mechanisms which occur in single and 
multiple fiber specimens has real  value only in so far as the results can be 
translated into improved composite properties . 
of the failure process is in  itself a worthwhile goal which can ultimately be 
Understanding the initiation 
reflected in  establishing design criteria, but the more immediate concern is 
to be able to improve material performance through control of the failure 
process. For this reason a ser ies  of standard tests were conducted on 
uniaxially reinforced specimens containing 30 to 50 per cent by volume 
of HT and Type A fibers. 
comparison in  both the modified and unmodified resin because of the funda- 
mental differences observed in  their behavior in  single and multiple fiber 
tests, 
specimen failure at the first fiber fracture in the  unmodified epoxy resino 
In the modified resin, on the other hand, HT fibers failed at many sites 
These two types of fibers were selected for 
Recall that single tow tests of both HT and Type A fibers resulted i n  
over their entire length throwing out cracks normal to the fiber axis while 
the Type A fibers fractured and debonded locally at the fracture sites 
(Figure 26). These observations suggest that i n  a real composite one might 
expect that ; 
1 )  Although the HT fibers a r e  stronger they probably do 
considerably more local damage t o  the composite at 
each fiber fracture site thus concentrating locally and 
accelerating overall loss of integrity before each fiber 
d 
can contribute its potential strength, 
2) Type A fibers although weaker, release equivalent 
local strain energy but do less local damage because 
of debonding and therefore allow more fibers to reach 
their ultimate capacity independently. 
As has been shown, the properties of both the resin 
matrix and the interface bear heavily on this premise 
because of the major role each plays in  isolating fiber 
fractures, 
was made to  control the interfacial response by coating 
the fibers since there was already evidence of 
In this phase of the program no attempt 
considerable difference between the Type A (which 
debonded) and HT fibers (which did not) in  the uncoated 
condition. 
A, Tensile Tests 
Tensile specimens were prepared for each system and tested 
according to ASTM Method D-638-68, Since modified and unmodified 
epoxy-novolac resin was used throughout the program wet prepregging 
and curing was done by hand instead of using commercially available prepreg 
materials. This resulted in  a somewhat lower volume fraction than would 
have been obtained using commercial prepreg. Briefly, the process used 
for preparing all specimens with both resin systems was ‘to immerse a 
preweighed amount of fibers in  the matrix and place them i n  a 91h long x 0.5’’ 
P 
wide mold, and pre-staging i n  an circulating air oven for a prescribed time 
(45 minutes @ 1 8 8 F  for the modified system and 20 minutes @ 180°F for the 
unmodified system). 
the mold on the prepreg, placing the assembly in a press  and curing for 
2 hours at 180°F, followed by a stepwise increase in  temperature to 350°F 
This was then followed by placing the male section of 
which was held for 2 hours. 
This procedure allowed for a uniform and controllable flow of 
resin during cure, although there were some variations in  fiber volume 
fraction from specimen to specimen. To facilitate comparison, the tensile 
test; data was normalized to a 0.35 volume fraction for each type of fiber in  
both the modified and unmodified matrix and is given in Table 5. Note that 
the average tensile strength of the Type A fiber composite is slightly higher 
in  the unmodified resin than in the modified resin. However, i f  the single 
low value for the unmodified resin is neglected there is a 20 per cent lower 
strength for Type A fibers in  the modified resin formulation. 
the HT fiber composites show significant improvement in  strength in the 
modified compared to the unmodified resin. Looking at the data by resin 
formulation and comparing fibers we see that in  the unmodified resin both 
fibers give about the same average composite strength (approximately 55 
By contrast, 
to 59 ksi), while in the modified resin the stronger HT fibers come much 
closer to reaching their ultimate potential. 
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TABLE 5 
TENSILE STRENGTH DATA FOR HT AND T Y P E  A FIBERS 
IN MODIFIED AND UNMODIFIED RESIN 
Unmodified Res in  F iber  Modified R e s i n  F i b e r  
Tens i l e  Strength, Efficiency, Tens i l e  Strength, Eff ic iencv F i b e r  
psi % psi 70 Type 
A 
HT 
65,500 62.4 
62,600 59.6 
43 , 250 45. 7 
65 , 300 62.2 
54,000 51. 4 
56,500 53. 8 
57 , 900 55.1 
52,950 55. 6 
Avg. 59,160 Avg. 57.5 Avg. 55,335 Avg. 54.0 
63,010 51. 4 77 J 900 63. 2 
51,860 42. 3 61,260 48. 9 
40,000 32. 7 86 , 805 69.5 
76,220 62. 2 56,500 45.2 
45,250 36. 9 
Avg. 55,270 Avg. 45.1 Avg. 70,620 Avg. 56. 7 
4 DATA NORMALIZED TO 0.35 V 
I 
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This indicates that in the high volume fraction composite containing 
many Type A fibers in close proximity,. matrix modification has  no positive 
effect on composite strength because the debonding mechanism is the 
governing condition. In Type A fiber composites, therefore, we have an 
interface limited condition and making the resin tougher (less crack sensitive), 
cannot contribute much to improved properties unless the tougher resin also 
changes the bond strength to an even more optimum level. The data would 
seem to  indicate that the bond is less  optimum in modified system however, 
since the composite strength is reduced. 
of the efficiency with which we develop the potential strength of the fibers 
in the composite can be obtained by applying the rule-of-mixtures. 
One crude but effective measure 
The 
fiber efficiency percentages given in  Table 5 have been computed by 
comparing the actual composite strength to  the theoretical strength. 
Conversely, the HT fiber composite with unmodified resin was matrix crack 
limited and by modifying this resin to  reduce this crack sensitivity, it was 
possible to isolate fiber failures more effectively, thus the increase i n  
composite strength. 
the bond strength it is possible that even higher efficiency could have been 
obtained in  the HT fiber tests. However, there is insufficient data to  draw 
Had we also applied a coating which would optimize 
such conclusions at this time. 
It should be stated again that the fibers use8 in  this study were 
untreated and the volume fractions obtained by the wet lay-up fabrication 
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process a r e  somewhat lower than would be obtained with more uniform 
commercial prepreg. However, ' the results obtained a r e  entirely 
consistent with results obtained by others for resins similar to the unmodified 
system. The results in  the modified system a r e  consistent with the single 
fiber observations presented earlier in  Section V. 
Be Interlaminar Shear Strength 
Since resin modification can be expected to have a significant 
impact on interlaminar shear strength, as well as  tensile strength of uniaxial 
specimens, short beam shear tests were made for  each fiber/matrix 
combination. The data fo r  these tests a r e  presented in  Table 6. 
Short beam shear specimens were prepared for each system 
following the technique described earlier for tensile specimens a Tests were 
conducted for a span to depth ratio of 6 after computations and preliminary 
tests were made to assure shear failures would occur, Composite Design 
Guide Method FPS-2003 was followed although the volume fractions were 
somewhat lower than recommended and therefore correspondingly lower 
interlaminar shear strengths could be expected. In addition the fibers were 
untreated and this usually results in  lower bond strength between fiber and 
matrix . 
First consider the Type A fibers and compare their behavior 
in the two epoxy resin formulations. 
unmodified system was 9000 psi but decreased to 4140 psi  i n  the modified 
The average sheaf strength in the 
8 0  
TABLE 6 
INTERLAMINAR SHEAR STRENGTH DATA FOR HT AND TYPE A 
FIBERS IN MODIFIED AND UNMODIFIED RESIN 
Unmodified Resin 
F i b e r  type Inter laminar  
Shear  Strength 
ps i  
A 8,550 
9,500 
8,950 
Avg . 9,000 
HT 5,950 
7, 050 
3,940 
Avg . 5,610 
Modified Resin 
Inter laminar  
Shear Strength 
ps i  
4,260 
4,420 
3,750 
Avg. 4,140 
5,340 
4,940 
5,050 
Avg. 5,110 
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system. This significant reduction i n  shear strength suggests that the 
reduction in  resin stiffness and strength in  the modified system has a very 
profound effect on the interlaminar shear properties. 
The HT fibers have about the same interlaminar shear strength 
in  both resin formulations (5610 psi VS. 5110 psi). There is no immediately 
evident reason for the low shear strength in  the unmodified system with the 
HT fibers unless bending effects (which a r e  always present to some degree) 
a r e  magnified in  the rigid matrix by the high energy failure mode of the HT 
fibers. This could be the case andif so, a lower span to depth ratio may 
be necessary to obtain t rue shear failure. Examination of fracture specimens 
did show more evidence of flexural failure patterns mixed with shear but such 
post test observations a r e  difficult to evaluate since secondary damage often 
occurs after the ultimate shear strength has been achieved. Note also that 
HT fibers have 20 per cent higher interlaminar shear strength in  the 
modified system than do the Type A fibers. This suggests that in  addition to 
matrix shear, debonding may also be contributing to the failure in  Type A 
fiber composites but not in the HT fiber composites. 
deal of study required to sor t  out the reasons for this behavior. 
There is still a good 
Unfortunately, 
insufficient time was available for a more comprehensive evaluation of this 
phase of the program. At this point it is important to indicate that there is 
a definite effect on shear strength as a result of resin mbdification but the 
mechanisms which give r ise  to the observations described above a r e  still 
under study. 
# 
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C, GROSS FRACTURE OBSERVATIONS 
Some valuable insight into the high volume fraction tes t  data of Table 5 
can be obtained by examining the failed specimens and observing how the final 
failure process occurs. 
HT fibers in  unmodified resin. 
Figure 34 shows the failure of both the Type A and 
Note that the Type A fiber specimen 
(Photo a) shows considerable fracture surface a rea  parallel to or at slight 
angles to the fibers indicating that the final failure involved interfacial 
fracture, in addition to fiber fracture,, By contrast, the HT fiber specimens 
(photo b) failed catastrophically by cleavage on a single plane normal to the 
fibers These observations a r e  entirely consistent with the individual failure 
modes shown earlier in single fiber specimens. 
fracture and stably debond throughout the composite without generating a 
local critical crack, more of the fibers a r e  able to  reach their potential in 
the composite and the final fracture involved a larger part of ;the specimen. 
Consider now the modified resin containing Type A and HT fibers a s  
Since the Type A fibers can 
shown in Figure 35.  
specimen (photo a) still shows evidence of interfacial failure but the fracture 
Note that the failure process for  the Type A fiber 
area is much more localized than in  the unmodified resin. 
that the bond strength may be too low i n  modified resin and therefore when a 
single fiber fractures it debonds over a distance much greater than the transfer 
length so that adjacent fibers must reinforce the broken fiber over this larger  
distance. 
This suggests 
The likelihood of this larger length of overloaded adjacent fiber 
c 
P 
8 3  
a , )  Type A Fiber Specimens 
b. 1 HT Fiber Specimens 
Figure 34. Comparison of Gross Failure Modes for Tensile Specimens of 
Type A and HT Fibers in Unmodified Resin. 
B 
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a , )  Type A Fibert Specimens 
b. ) HT Fiber Specimens 
Figure 35. Comparison of Gross Failure Modes for Tensile Specimens of 
Type A and HT Fibers in Modified Resin. 
! 
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containing a weak spot increases greatly and thus failures of the adjacent fibers 
occurs within a region bounded by the debond distance. 
as an unstable debonding condition as opposed to an unstable cleavage fracture 
condition where cracks emanate normal to the fibers when there is no debonding, 
A graphical illustration of this unstable debonding phenomenon is shown in  
This might be described 
Figure 3 6 ,  
Y 
P 
i 
)I- 
Zk 
Stable Debonding 
Adjacent fiber is overloaded only over 
a length AB on the order of the elastic 
transfer length, A. 
I 
I 
I 
I 
I 
I 
I 
1 
I 
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I 
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Unstable Debonding 
Adjacent fiber is overloaded over a 
length CD many times greater than the 
transfer length, A .  
Figure 3 6 ,  Model Showing How Unstable Debonding Can Confine Failure 
to the Length of the Debonded Region. 
9 
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Finally, the HT fiber/modified resin specimen in  Figure 35b shows 
some evidence of irregular fracture with more than one fracture site appearing 
in two of the specimens shown, 
different than the cleavage failures of unmodified resin specimen shown in 
Figure 34b it does indicate that the cleavage failure mode is of diminished 
intensity (as seen in  single fiber tests)  and this explains the higher tensile 
strength which was achieved, The following section will  deal analytically 
with the process by which strain energy is released when a fiber fractures 
and the mechanisms by which it is absorbed in the composite. 
goal of that section is t o  develop the means t o  predict when unstable cleavage 
failure or unstable debonding will  occur for a given fiber/matrix combination. 
Although this mode of failure is not grossly 
The ultimate 
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VUI. ENERGY CONSIDERATIONS I N  THE FAILURE PROCESS 
A. Energy Release in  the Vicinity of a Fiber Fracture 
We will assume that the perturbation of the s t ress  field in a 
composite due to a single fiber fracture is confined to the region of s t ress  
transfer from matrix to fiber. 
by 
Using the shear s t ress  distribution proposed 
along the interface near a fiber end, 
where x is the location measured from the fiber end 
Ef is the modulus of the fiber 
'Gm is shear modulus of matrix 
n 
is the gross strain i n  the composite where 
the fiber fails 
2R is mean separation of fibers 
5 is fiber radius 
tl2 is the elastic transfer length 
The fiber s t ress  in  the region of shear transfer is then given by 
the expression: 
c 
i 
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These s t ress  distributions a r e  illustrated in  Figure 1. 
1 
Figure 37: Stress Distributions at  Fiber Fracture Site. 
It is evident from the form of equation (2) that the fiber s t ress  can never 
reach the original s t ress  level Ef6? for finite values of transfer l eng th lo  
A 
However, the s t ress  i n  the broken fiber becomes 90 per cent of the 
unbroken s t ress  for B,( equal to 60 This value will be used in subsequent 
discussions when it is necessary to assign numerical values to the results 
derived here 
To obtain the shear s t ress  at any point in the matrix surrounding 
the fiber, we will assume that the shear s t ress  given by equation (1 )  
diminishes linearly with radial distance from the fiber following the model 
of Arridge (8 ) , 
With the elastic s t ress  in  the fiber and the matrix now defined for the 
conditions where the fiber is  broken we can now determine the energy 
released in  the fracture process. Initially the fiber and matrix were 
subjected to the same strain 6 such that the total initial strain energy 
stored over the elastic transfer length l i s  given by 
A 
2 
(4) 
(fiber energy) (matrix energy) 
Once the fiber has fractured, the final strain energy stored in the broken 
fiber is obtained by summing the strain energy i n  the two newly formed 
ends over the transfer length,L : 
where d&.) is given in  equation (2). 
the total energy stored i n  the broken fiber over the transfer length,! : 
Performing the integration we obtain 
Similarly, for the elastic strain energy stored in the matrix sheath of 
I 
2 G m  
Substituting for c from equation (3) and integrating, 
Adding equations (6) and (8) we obtain the total elastic strain energy stored 
in  the fiber and matrix due to  the redistribution of stresses in  the transfer 
zone; 
The energy released by a fiber fracture to the transfer zone i s  now obtained 
by subtracting the final strain energy as given by equation (9) from the 
initial (before fiber fracture) energy given by equation (4). 
. . . . . . ( l o  1 
d - Using ~ l =  6 and tanh = 1, we obtain for  the total energy released: 
Let us now consider in  the light of the failure mechanisms observed in  this 
study, the means by which the released strain ecergy is absorbed in  the 
transfer zone. Each fiber fracture is at the center of this cylindrical 
transfer zone of length [and radius R and the degree to  which this transfer 
zone can absorb the released strain energy controls the response of the 
composite as a whole. 
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B, Case 1: Cleavage Normal to the Fiber 
When the bond between the broken fiber and matrix is very strong 
the failure mechanism is cleavage of the matrix .normal to the fiber axis. 
If we equate the energy released by the fiber fracture as given in equation (11) 
to the surface energy required to generate a crack across the entire transfer 
zone of radius R we obtain the limiting stability condition for a single 
element failure as shown i n  Figure 38. Here we will use the symbol uf 
(477 in to denote the strain energy density stored i n  the fiber at failure 
setting the energy released equal t o  the total surface energy absorbed as  
the crack is formed. This yields the limiting condition: 
Energy Released = Energy Absorbed 
where the left side is given by equation (11) and where 
a r e  the unit surface energies of fiber and matrix, respectively, 
If we divide equation (12) by the total cross-sectional a rea  of the basic 
element (IfR ) , the theoretical volume fraction of fibers 5 2 
can be introduced and the stability condition defined i n  the form: 
When this condition is satisfied, the resulting crack might be considered 
stable in  that it does not enter the transfer wries of adjacent fibers but is 
d 
9 2  
Figure 38: Cleavage Failure Model of Basic Reinforcing Element 
Having Dimensions of Transfer Zone . 
d 
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confined to  the element in  which the fiber fracture takes place. 
be some load redistribution to adjacent fibers without matrix fracture as 
There will 
described by Zweben ( and Arridge (8 1. Some fundamental observations 
on the form of equation (13) are appropriate at this point. The ability of 
the composite to sustain local fiber fractures without developing unstable 
cleavage cracks (as defined here) is governed by the following parameters: 
(1) The elastic strain energy density uf stored i n  the 
fibers at failure is the greatest single contributor 
to crack initiation and therefore the likelihood of 
initiating unstable1 matrix cracks increases with 
volume fraction of high energy fibers. 
Looking again at the left side of equation (13)  the 
second te rm in brackets is the matrix contribution 
(2) 
t o  released strain energy. 
contribution depends on t b  modulus ratio &h 
(which is usually quite small for resin matrix 
Note that this 
composites) and of course, the volume fraction of 
matrix. 
(3)  The final parameter which contributes to released 
energy is the transfer length! which depends on 
the strength of the fiber, the availabl'e bor,d 
strength and fiber diameter, Since the total 
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released energy at a fiber fracture site is 
proportional to the volume of material affected 
by the load redistribution, a stronger filament 
or  a lower bond strength will result in more total 
energy available at fracture of a given diameter 
fiber, 
Considering the energy absorbed as given in  
the right side of equation { 13): 
(4) The surface energy necessary to form fractures 
in  fiber and matrix a r e  given respectively by f f
and fm and these of course, a r e  ‘weighted by 
the respective volume fractions of the constituents 
Let us now examine the graphite epoxy systems tested in  this 
program to see wh&her they should result i n  stable or unstable cleavage 
failure based on equation (13) .  Table 7 gives numerical values of energy 
released for each fiber in each of the resin formulations used in this study, 
These computations assume a volume fraction of fibers of 50 per cent and a 
transfer length of 10 fiber diameters which a r e  typical.3oron and E-glass 
a r e  included for  comparison since they a r e  used in many structural 
applications. The effect of diameter is illustrated by the comparison of 
P 
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small diameter (0.035 mil) E-glass to large diameter (4 mil) E-glass fibers. 
Since values of wit surface energy were not available for all the fibers and 
since the unit surface energy d m is typically 100 to 500 times greater than 
df (for the fiber), only the matrix contribution to energy absorption was 
included in Table 7. 
5 2 on the order of 1.5 x 10 ergs/cm2 (0.85 in lbs/in ) while the unit surface 
The unmodified resin system has a unit surface energy 
5 2 energy for  the modified resin was estimated to be 20 x 10 ergslcm (11.0 in 
2 lbs/in ) based on available data for similar systems. 
Compare columns 5 and 6 in Table 7 and note that the limiting 
stability condition for cleavage failure (energy released = energy absorbed) 
is very nearly satisfied for the unmodified resin containing HT, HM and 
Type A and fine E-glass fibers. Since these computations have been made 
using average fiber properties and assuming ideally uniform fiber spacing 
and bond strength, it can be assumed that fibers stronger than the mean of the 
population (and those very closely spaced) will  generate unstable cracks while 
those weaker and more remote than the mean might behave in a stable manner. 
Note also that these a re  all very small diameter fibers having correspondingly 
short transfer lengths since we have assumed 1 = 10d. Note also that the very 
small diameter E-glass fibers have a much higher strain energy density than 
the carbon fibers but because of their comparatively finer diameter, result in 
about the same order of energy release. The larger diameter E-glass fibers 
and boron have exceptionally high released energy value's and would be obviously 
unstable in the unmodified resin matrix if the failure mechanism were only 
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TABLE 7. ENERGY COMPUTATIONS FOR CLEAVAGE 
FAILURE NORMAL TO FIBERSFOR 
Vf = 0.50 and b= 10d 
1 2 3 4 5 
Fiber 
Diam. 
x 10-3 in. 
0.275 
0.275 
0.275 
0.035 
3.0 
4.0 
I " - " - -  
Fiber 
Energy 
Density, uf 
in  1b/ia3 
1630 
7 80 
1430 
7500 
7500 
1110 
- - - - -  
rrans f er 
.ength, 
x 1 ~ - 3  in. 
2.75 
2.75 
2.75 
0235 
30 
40 
- . . e -  
Energy 
Released 
per unit area 
D f  crack 
in  lbs/in2 
0.76 
0.37 
0.67 
0.45 
38. 0 
7.6 
6 7 
Energy Absorbed 
in lb/in2 
Unmod, 
Re sin 
0.85 
0.85 
0.85 
0.85 
O. 85 
0 ,85  
- - I -  
:$ Since E varies from 0.004 to 0.02 the matrix contribution 
m/E, 
Modified 
Res in  
11.4 
11.4 
11.4 
11.4 
11.4 
11.4 
I " " " _  
1 
to energy release in  equation (13) is negligible and was neglected here. 
k 
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cleavage. 
fibers and small diameter E-glass filaments release significantly less  
energy than can be absorbed by fracture of the basic element and a r e  
therefore stable i f  cleavage is the mode of failure. 
stable ( 7.6 < 11.4) in  the modified resin but the l a r g e  diameter E-glass 
is not stable in  either system which is contrary to most experimental 
observations and suggests that the cleavage failure mechanism does not 
govern the behavior of the glass/epoxy system. 
major consideration i n  the analysis - energy release through debonding. 
In the modified resin (compare columns 5 and 7) the carbon 
Boron filament is also 
This brings us to the other 
We 
will now assume that debonding can occur at the fiber 
than cleavage normal t o  the fiber. 
C. Case 2: Debonding of the Interface 
We consider now the second possible mechan 
fracture site rather 
sm of energy absorption 
at the fiber fracture site and arbitrarily define the limiting condition for 
stable fracture as debonding over the transfer length, R as shown in 
Figure 39 . 
to reflect this change in  energy absorption in  the following way: 
We can now re-write the stability condition of equation @2) 
where the last term represents the total energy absorbed in  creating a new 
interfacial surface with the unit surface energy b;: . This unit surface 
energy could be on the order of f m for the matrix, ( for the fiber or  
somewhere between the two depending on the nature of the surface formed. 
If we assume a bond strength sufficient to fmcture high strength fibers it 
Figure 39: Debonding Failure Model of Basic Reinforcing 
Element Having Dimensions of Transfer Zone ?x 1? 2 
I 
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is likely that the debonding o r  interface surfam energy $ is closer 
to b/m for the matrix. Whatever the value of $, we can now follow the 
previous approach of dividing the released and absorbed energy by cross- 
sectional area of the basic element to introduce volume fraction. 
Note that the energy absorbed by debonding is directly proportional to the 
volume fraction of fibers (more fibers, more interface), and the transfer 
length ,(and inversely proportional to the fiber radius. 
smaller diameter fibers provide more interfacial surface area for the same 
volume fraction than larger diameters. 
contribution to energy released is negligible for resin matrix composites 
and conversely, the energy absorbed by the fibers is regligible for very high 
strength brittle fibers (f>>f) 
stability condition 
This is because > 
If we now recognize that the matrix 
we can simplify equation (15) to the 
m $  
where the transfer length and volume fraction no longer appear. Simply 
stated, i f  the fiber strain energy density exceeds six times the interfacial 
surface energy divided by the fiber radius, debonding will  extend outside 
the transfer length, 1. 
however, since debonding beyond the transfer length does not influence 
This is a rather arbitrary deEinition of debonding 
100 
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TABLE 8. ENERGY COMPUTATIONS FOR DEBONDING 
FAILURE AT THE INTERFACE 
2 
Fiber 
Diameter 
3 
x10 in. 
0.275 
0.275 
0.275 
0.035 
3.0 
4.0 
2 
Fiber 
Energy 
Density, uf 
3 in  lbs/in 
1630 
7 80 
1430 
7500 
7500 
11 10 
4 
T ransf e r  
Length, 1 
AO-3 in. 
2.75 
2.75 
2.75 
0.35 
30 
40 
:::Erie rgy 
Released 
per unit 
area of 
element 
in lbs/in2 
0.76 
0.37 
0.67 
0.45 
38. 0 
7.6 
h 
Whergy 
Absorbed 
in Debond 
Lengih, Of Trans2r 
.in lb/in 2 
22. 8 
22. 8 
22.8 
22.8 
22.8 
22.8 
7 
CI. ( i n  equation (15) is taken as 1 x l o 5  ergs/cm& (0.57 inlbslin') 
representative value for epoxy with a range of fibers (Kelly, Ref. 10) 
3 
adjacent fibers as directly as does cleavage outside the transfer zone radius, 
R. 
complete loss of reinforcement from the broken fiber either. 
it does give a convenient reference as to the degree that a broken fiber is 
no longer capable of locally reinforcing the matrix. 
Debonding beyond the transfer zone will not necessarily result in 
However, 
Table 8 gives numerical 
data for the energy released and absorbed by debonding for the fibers considered 
earlier in  Table 7. 
fraction or transfer length, we have used the form of equation (15) and the 
same assumption of 5 = 0.50 and ,6= 10d as in  Table 7 so comparisons 
of total energy absorbed can be made on an equivalent basis for both cleavage 
and debonding. 
about the same or slightly less than the matrix surface energy 
gives the value LOOJ/m 
materials and this was used to compute column (6) in  Table 8. 
energy absorbed in debonding over the transfer length,L is an order of 
magnitude higher than that released in  the carbon fibers and small diameter 
glass filaments. This means they a re  stable as regards debonding, if it occurs. 
However, in the larger  diameter glass the strain energy released exceeds 
Although equation (16) is not dependent on either volume 
From available data the unit energy for debonding is 
(102 
ym. Kelly 
-2 2 (0.57 in  lbs/in ) for  a variety of brittle matrix 
Note that the 
that which can be absorbed by debonding over just the transfer length, 1 . 
This means the 3 mil glass  fibers in epoxy a r e  unstable in  that each fiber 
fracture results i n  debonding, beyond the transfer zone. It has been shown 
by Outwater 
by pullout or slip after debonding occurs. 
that besides debonding there is additional energy dissipated Ill) 
But since this requires finite 
d 
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relative displacements between fiber and matrix, it is not as likely to occur 
early in the failure process when gross strains a re  quite small. Note also 
that boron has an energy release rate just slightly less  than that which can 
be absorbed by debonding and therefore is close to the limiting stability 
condition should debonding occur. The final point in comparing Tables 7 
and 8 is that the energy absorbed by debonding in  the unmodified resin is 
a n  order of magnitude greater than that to cause cleavage {Table 7), 
therefore debonding is a more efficient energy absorbing mechanism in a 
brittle matrix. Note also that the energy absorbed for debonding in the 
unmodified (brittle resin) is jus t  twice that of cleavage in the modified 
(flexible resk)  . However, since no comparable debonding surface energy 
data a r e  available for the modified resin we have no idea whether < 
would change with resin modification or not. 
D. Conclusions 
In this section we have attempted to develop and extend some 
analytical concepts relating to the energy which is released during a fiber 
fracture and examine primary mechanisms by which this energy is absorbed. 
The core of the problem is still to control the failure process by providing 
the means to allow limited debonding without sacrificing other critical 
properties such as transverse tensile strength or interlaminar shear 
strength. The two major factors in  achieving this goal. a r e  bond strength 
and matrix toughness. When the fiber fracture initiates, the matrix either 
responds by cleavage or debonding instantaneously at the periphery of the fiber 
.v 
a’ 
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fracture surface. It is at that instant that the tensile failure process is 
established. 
interface can be most effective in  directing failure along the interface. 
this reason a nonuniform bond may be desirable as long as the strength of the 
fibers can be developed. 
A preferentially oriented crack or weak shear plane in  the 
For  
When the fibers a r e  brittle and behave in a nearly linear elastic 
manner t o  failure the approach presented here can be used to determine 
whether those fibers will fail in a stable manner when contained in  a low 
modulus matrix using the stability conditions of equation { 13) for 
cleavage failure 
. . . . . (13a) 
o r  the stability condition of equation (16) f o r  an interface failure 
To relate these two expressions we can assume an average bond strength 
0 
and solve for the transfer length, &? , from the well known relation - 
Defining the energy absorbed in cleavage by 
for in equation (13a) gives 
and substituting equation (17) 
C 
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the energy absorbed by debonding c) 
fiber and matrix 
to  that absorbed in cleavage for a given b 
It i s  clear that the energy absorbed by debonding is so much greater than that 
of cleavage that we must prevent cleavage by toughening the matrix and pro- 
mote the absorption of energy through stable debonding for optimum tensile 
strength. 
d 
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IX . SUMMARY AND CONCLUSIONS 
1. Single and multiple fiber tests of carbon fibers in epoxy novolac 
show that single fibers and tows fail catastrophically when the resin 
is unmodified (total elongation 2.5%). In general, these results a r e  
not unlike those obtained with boron filaments in the same resin. 
Compression tests of single fibers and tows show clearly that indivi- 
dual carbon fibers fail by buckling even when fully encapsulated in 
the epoxy resin. 
and is the reason for low compressive strengths of carbon fiber 
2. 
This mode of failure is accompanied by debonding 
compo s it e s . 
3. Transverse tension and compression of single and multiple fiber 
specimens show that Poisson effects can cause fiber failures in com- 
pression and tension respectively. Whether these effects a r e  signifi- 
cant in heavily reinforced specimens is not known but one w u l d  ex- 
pect the greater number of fibers to diminish the effect. 
The two most critical parameters in  optimizing the performance of 
a given carbon fiber in a given resin a r e  controlling the bond strength 
and the crack sensitivity of the resin matrix. 
4. 
5. Coatings can be very effective in controlling the failure process with 
the nature of the failure mechanisms dependent on the kind of coating 
used. Metal coatings, particulate MoS slurry coatings and poly- 
urethane coatings have been studied and each causes a different 
2 
response in single and multiple fiber specimens. 
d 
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6 .  When the resin is modified (total elongation 20%) single fibers and 
tows exhibit different failure mechanisms with the Type A fibers 
showing considerable debonding and the HT and HM fibers throwing 
out cleavage cracks in the resin normal to the fibers. The size of 
the cleavage cracks generated seems to be dependent on the strain 
energy density of the fibers. 
Uniaxial tensile strength properties of 0. 35 volume percent fiber 
loading were compared for untreated Type A and HT fibers in the 
modified and unmodified epoxy novolac. 
f ibers perform in a nearly optimum manner in the unmodified system 
but debond in an unstable manner inthe modified system. HT fibers, 
on the other hand, show improved tensile strength in the modified 
resin but fail prematurely in the unmodified resin by cleavage. 
The effects of resin modification on short beam shear strength 
involve both the strength of the resin and the bond strength. In 
7. 
It appears that the Type A 
8 .  
general, the modified (flexible) resin gives lower shear strength 
than the unmodified (rigid) resin. However, since bending effects 
can never be fully eliminated from such tests,  the distribution of 
fiber strengths and the crack sensitivity of the resin to weak fiber 
fractures can result in erroneous results with this test method. 
9. By computing the energy released in  the transfer zone when a fiber 
fractures and equating it to the energy abosGbed through cleavage 
fracture normal to the fibers o r  debonding at the fiber interface, one 
can establish conditions for stabld failure. This approach yields I 
1 
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results which are consistent with the experimental observations 
obtained in this study. 
Although the major emphasis in this study has been focussed on 
carbon fiber/epoxy composites, the results a r e  applicable in general 
to any composite which combines high modulus linear elastic fibers 
in a low modulus matrix. Therefore, the extension of these concepts 
to fiber reinforced ceramics i s  possible with some modification. 
Preliminary efforts at using acoustic emission analysis to identify 
failure mechanisms have shown great promise. 
approach was not proposed as part of the program, it is anticipated 
that the further development of this  technique will be invaluable in 
future work. 
10. 
11. 
Although this 
d 
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